Tomato (Lycopersicon esculentum Mill.) polyphenol oxidases (PPOs) are encoded by a seven-member gene family that exhibits complex patterns of differential expression during growth and differentiation. Antisense down-regulation of constitutive and induced PPO expression results in hypersusceptibility to pathogens, suggesting a critical role for PPO-mediated phenolic oxidation in plant defense. However, the nature and extent of PPO induction and its contribution to resistance are unclear. In this study we examined the inducibility of the tomato PPO gene family. In mature plants PPO transcript levels systemically increased in young leaves (nodes 1-3) when mature leaflets (node 5) were injured. Transcripts hybridizing to PPO E/F-specific probes were the predominant woundinduced PPO mRNAs in young leaves. Analysis of PPO promoter: GUS fusion constructs shows that mechanical wounding and infection by fungal and bacterial pathogens induced transcription of PPO F. Different injuries, salicylic acid, ethylene, and jasmonates elicited distinct, cell-specific and developmental stage-specific patterns of PPO F expression. ,Whereas jasmonates and mechanical wounding significantly induced PPO F only in young leaves (nodes 1-3), and ethylene induced PPO F only in older leaves (node 7), salicylic acid induced PPO F in stems and foliage at a11 developmental stages. These results demonstrate that cis-elementb) sufficient for PPO F inducibility reside in the 5' flanking region, and these elements are responsive to a broad range of signals.
Plants possess a versatile and broadly effective defense system directed against potential pathogens (Johal et al., 1995) . The first line of defense consists of constitutive factors that make plants resistant to the majority of pathogens and pests. The second line of defense is activated locally at the infected or wounded sites in an attempt to prevent the spread of the pathogen. These localized responses include rapid cell wall cross-linking and formation of appositions, which occur before the integrity of host cells is threatened. Once the invader overcomes these physical barriers, localized host cell death at or around the infected site is triggered (HR). HR is often associated with systemically inThis work was supported by grants from the U.S. Department of Agriculture (USDA) National Research Initiative (grant no. 91-37301-6571) and the Binational Agricultura1 Research and Development Fund (grant no. US 1870-90) to J.C.S. and by fellowships from the Cornell National Science Foundation/ Department of Energy/USDA Plant Science Center to P.T.
PPOs (EC 1.14.18.1 or EC 1.10.3.2) catalyze the O,-dependent oxidation of phenols to quinones, reactive species that can covalently modify and cross-link a variety of cellular nucleophiles via a 1,4 addition mechanism and/or undergo reverse disproportionation to semiquinone radicais. The secondary reactions of quinones lead to the formation of polymeric brown or black pigments, which are responsible for significant postharvest losses of fruits and vegetables (Vámos-Vigyázó, 1981; Bachem et al., 1994) .
Because of its conspicuous reaction products and its wound inducibility, PPO has frequently been suggested to play a defensive role in plant pathogen/pest interactions (Mayer and Harel, 1979; Constabel et al., 1995; Thipyapong et al., 1995) . In addition, inducibility of PPO activity by numerous biotic and abiotic factors, including mechanical wounding, fungal and bacterial infection, and treatment with the signaling molecules systemin, oligosaccharide, MeJA, acetylsalicylic acid, ethylene, or cAMP, has been shown previously (Habaguchi, 1977; Couture et al., 1993; Schneider and Ullrich, 1994; Constabel et al., 1995; Thipyapong et al., 1995) . However, observations of induced PPO activity are frequently confounded by a failure to distinguish PPO induction from a loss of PPO latency or changes in plastid or tonoplast membrane integrity or by a failure to distinguish PPO activity from peroxidase activity.
Nevertheless, evidence is mounting that implicates PPOs as defense genes possessing both constitutive and inducible modes of expression and multiple functions in defense. The constitutively abundant PPO in glandular trichomes of many Lycopersicon spp. and Solanum spp. is responsible for entrapment of small-bodied insects via oxidative polymerization of trichome exudate (Yu et al., 1992; Kowalski et al., 1993) . Alternatively, direct toxicity of quinones (Mayer and Harel, 1979) and covalent modification of nucleophilic amino acids by quinones as an antinutritive defense strategy have been proposed (Duffey and Felton, 1991) . Systemic induction of PPO expression might act as an additional line of defense to protect the growing parts of plants against further attack by pathogens and insects (Thipyapong et al., 1995) . Recently, we showed that antisense down-regulation of constitutive and inducible PPO activity Plant Physiol. Vol. 11 5 , 1997 resulted in pathogen hypersusceptibility (M.D. Hunt, P. Thipyapong, and J.C. Steffens, unpublished data), suggesting that PPO may possess a key role in plant defense systems.
A number of defense response genes are organized in small multigene families. Individual gene members of Hyp-rich glycoprotein, Phe ammonia-lyase, and chalcone synthase gene familjes are differentially regulated in response to various stresses (Corbin et al., 1987; Ryder et al., 1987; Cramer et al., 1989) . The selective activation of individual members of gene families under different stress conditions may reflect the utilization of distinct signal transduction systems (Corbin et al., 1987) . The tomato (Lycopersicon esculentum Mill.) PPO gene family, composed of seven members (I'PO A, A', B, C, D, E, and F ), is differentially regulated in various vegetative and reproductive organs during growth and differentiation (Thipyapong et a]., 1997). Recently, we provided evidence that wound-responsive expression of potato PPO is regulated at the levels of transcriptional activity or mRNA stability (Thipyapong et al., 1995) . Similarly, wounding increases the steady-state PPO mRNA levels of apple (Boss et al., 1995) . PPO up-regulation was further shown to be mediated via the octadecanoid pathway (Constabel et al., 1995) . Transgenic tomato plants constitutively expressing a prosystemin gene possess a more abundant PPO, the Nterminal sequence of which is identical to that of PPO F (Constabel et al., 1995) . However, whether other gene member(s) are inducible and the cell-specific patterns of induced PPO expression have not been previously explored. Similarly, whether PPO inducibility is regulated transcriptionally or posttranscriptionally and whether PPO inducibility is mediated differentially by various signaling molecules are unknown. This knowledge may provide more insight into the mechanism(s) underlying defensive function of PPOs, as well as an increased understanding of limits to which PPO expression may be manipulated.
In this communication we report that a single member of the PPO gene family, PPO F, is trancriptionally and differentially activated in response to abiotic and biotic injuries and that this gene also exhibits differential responsiveness to SA, jasmonate, and ethylene-signaling pathways. (Jefferson et al., 1987) . Chimeric constructs were electroporated into disarmed A. tumefaciens strain LBA 4404 (Hoekema et al., 1983 ) and used to transform tomato cotyledons using the method of Frary and Earle (1996) . Transformants were mechanically wounded by crushing with a hemostat at several points between major veins on selected leaflets at nodes 4 to 6 and by pricking with a pin at leaf node 3. At 48 h after wounding, leaf nodes 1 to 3 and wounded node 5 leaflets of wounded and control (nonwounded) plants were collected separately for fluorometric GUS assay and histochemical GUS staining. Five replications were used for each treatment.
MATERIALS A N D M E T H O D S
Transformants were inoculated with A. solani by spraying the entire plants with approximately 4 x 106 conidia mL-l inoculum. The inoculated plants were enclosed in a plastic bag and maintained in a growth chamber at 22°C with a 16-h photoperiod. P. syringae pv tomato strain Pto avrl (Ronald et al., 1992) inoculation was performed by dipping the transformants into an inoculum containing approximately 2 X 107 cfu mL-l bacteria, 10 mM MgCl,, and 0.5% (v/v) Silwet L-77 for 15 to 30 s (Martin et al., 1993) . The inoculated plants were maintained with a 16-h photoperiod. At 72 h after inoculation, leaf nodes 1 to 3, 5, and 7 and stems of internodes 7 and 8 of infected and control (noninfected) plants were harvested for fluorometric GUS assay and histochemical GUS staining. Five replications were used for each treatment.
SA, MelA, IA, and Ethylene Treatment
Tomato shoots possessing the apical leaf node through node 8 leaves were cut and placed in a solution of 1 mM SA, 1 mM ethephon, or 1 mM JA in 0.1 M sodium phosphate, pH 7.0, or 0.1 M sodium phosphate alone as a control. Shoots were incubated in glass jars for 48 h and three replications were used for each treatment. MeJA treatment was performed by incubating the entire plants in glass jars with 10 pL of 20% (w / v) MeJA (Bedoukian Research, Danbury, CT) spotted on a cotton swab for 48 h. Control plants were incubated in glass jars alone. Five replications were used for each treatment. After 48 h, leaf nodes 1 to 3,5, and 7 and stems of internodes 7 and 8 of treated and control (nontreated) plants were harvested for fluorometric GUS assay and histochemical GUS staining.
RNA Isolation and Analysis
Total RNA was isolated from frozen tissues as described by Thipyapong et al. (1995) . Total RNA was transferred to nylon filters (GeneScreen, NEN). The filters were hybridized with 0.5 X 10 6 to 1 X 10 6 cpm mL" 1 32 P-labeled PPO-P1 (Hunt et al., 1993) and 32 P-labeled gene-specific probes. PPO gene-specific probes were described by Thipyapong et al. (1997) . The filters were washed under the following conditions: two 10-to 15-min washes in 2X SSC and 0.5% (w/v) SDS at room temperature, two 10-to 15-min washes in IX SSC and 0.5% SDS (w/v) at 45°C, and two 10-to 15-min washes in 0.5X SSC and 0.5% (w/v) SDS at room temperature (IX SSC = 150 mM sodium chloride and 15 mM sodium citrate, pH 7.0).
Protein Isolation and Quantification
Frozen leaves were ground to a fine powder with a pestle in liquid nitrogen and extracted at a ratio of 200 mg fresh weight to 1 mL of extraction buffer (50 mM sodium phosphate, pH 7.0, 10 mM /3-mercaptoethanol, 10 mM EDTA, 0.1% [w/v] SDS, and 0.1% [v/v] Triton X-100). The homogenates were centrifuged at 12,000g for 15 min, and the supernatant protein concentration was determined by the method of Bradford (1976) using BSA as a standard.
Fluorometric CDS Assay
GUS activity was assayed fluorometrically by measuring the 456-nm emission from the 365-nm excitation (Martin et al., 1991) . Leaf homogenates containing 20 to 40 /u,g of total protein were added to 400 /nL of 2 mM 4-methylumbelliferyl /3-D-glucuronide and incubated for 0 (blank), 1.5 to 4 h, and 3 to 8 h at 37°C. The reaction was stopped by adding 1.6 mL of 0.2 M sodium bicarbonate, and the fluorescence was measured using 4-methylumbelliferone as a standard.
Histochemical GUS Staining
The staining procedure was modified from that of Stomp (1991) . Plant tissues were incubated in 20% (v/v) methanol for 30 min and vacuum-infiltrated with 5-bromo-4-chloro-3-indolyl /3-glucuronide staining solution (0.1 M sodium phosphate, pH 7.0, 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, 10 mM EDTA, 0. 20% [v/v] methanol, and 0.5 mg mL^1 5-bromo-4-chloro-3-indolyl /3-glucuronide) and incubated for 24 h at 37°C. Tissues were stored in 70% (v/v) ethanol and observed under a dissecting microscope. For paraffin sections, plant tissues were fixed in 2.5% (v/v) glutaraldehyde and 2% (w/v) paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.2, at 4°C for 4 to 12 h with occasional mild degassing. The tissues were dehydrated with a graded ethanol series. Ethanol was replaced by xylene and then by liquid paraffin, and tissues were embedded in paraffin blocks that were cut into 10-/u.m sections that were mounted on Superfrost/Plus microscopic slides (Fisher Scientific). The slides were permanently mounted and viewed under dark-and bright-field light microscopy.
RESULTS

Increased Levels of PPO E/F Transcripts upon Mechanical Wounding and A. solani Infection
Wounding of mature leaflets (node 5) resulted in increased PPO mRNA in apical leaflets (nodes 1-3, Fig. 1 ). Similarly, inoculation of node 5 leaflets with A. solani resulted in increased PPO mRNA at leaf nodes 1 to 3 (Fig. 1) . In contrast, PPO mRNA was not detectable in wounded or infected leaflets at node 5 (not shown). To evaluate which of the seven tomato PPO genes, PPO A, A', B, C, D, E, and F, is (are) up-regulated following injury, RNA analysis was performed using probes specific for PPO A/C, B, D, and E/F. Mechanical wounding or infection of leaflets at node 5 resulted in systemic induction of only PPO E/F transcripts at leaf nodes 1 to 3 (Fig. 1) . Although no other member(s) of the PPO gene family appears to be induced under these conditions, we cannot preclude the possibility that other PPO gene(s) may be minimally induced or induced in a limited population of cells and, therefore, escaped detection.
Activation of PPO F Promoter in Response to Abiotic Injury: Mechanical Wounding
To differentiate between wound inducibility of PPO E and F, the expression of PPO promotenGUS fusions in www.plantphysiol.org on October 30, 2017 -Published by Downloaded from Copyright © 1997 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 11 5, 1997 transgenic plants was examined. When inducibility of PPO E and F promoter constructs was assayed after mechanical wounding (by crushing with a hemostat and pricking with a pin at leaf nodes 3-6) of transgenic plants, only PPO F showed significantly increased promoter activity (Fig. 2) . In agreement with the pattern of induction shown in RNA blots (above), the PPO F promoter was induced 2.1-fold at leaf nodes 1 to 3 48 h after wounding (Fig. 2) . Wounded leaflets at node 5 did not exhibit significant increases in PPO F promoter activity (Fig. 2) .
Activation of PPO F Promoter in Response to Biotic
Injuries: A. solani and P. syringae lnfection
The PPO F promoter construct was not only induced upon abiotic injury but was also induced in young leaves (nodes 1-3) following both bacterial and funga1 infection (Fig. 3) . When A. solani was inoculated on the entire plant, PPO F promoter activity was induced 2-fold in leaf nodes 1 to 3 at 72 h after inoculation (Fig. 3) . GUS activity was not significantly induced in leaflets at nodes 5 and 7 or in the stems of internodes 7 and 8 (Fig. 3) . Whole-plant inoculation with the bacterial pathogen P. syringae resulted in a 2.2-fold induction of PPO F in leaf nodes 1 to 3 at 72 h after 
Leaf nodes
Figure 2. lnducibility of PPO E and F in response to mechanical wounding. Selected leaflets at nodes 3 to 6 were wounded by crushing with a hemostat and pricking with a pin. After 48 h, leaf nodes 1 to 3 and wounded leaflets at node 5 were collected for fluorometric CUS assay. Controls were leaflets from the same position of nonwounded plants. inoculation (Fig. 3) . Similar to A. solani infection, PPO F was not significantly induced by P. syringae in leaflets at nodes 5 and 7 or in the stems of internodes 7 and 8 (Fig. 3) .
Differential Response of PPO F Promoter to SA, JA, and
Ethylene Treatment
The developmental stage of tomato foliage appears to determine its pattern of response to the signaling molecules TA, SA, and ethylene. Similar to biotic and abiotic wounding, uptake of JA by shoots resulted in a 2.2-fold induction of PPO F at leaf nodes 1 to 3 at 48 h after treatment (Fig. 4) . Similar results were obtained by wholeplant exposure to MeJA vapor for 48 h (not shown). Neither treatment significantly induced PPO F in leaflets at nodes 5 and 7 or in the stems of internodes 7 and 8 (Fig. 4) .
In contrast to the PPO F expression patterns induced by jasmonates, SA treatment of shoots induced PPO F both in apical and mature tissues: 2.2-and 1.9-fold in leaf nodes 1 to 3 and 5, respectively, 2.9-fold in leaflets at node 7, and 4.4-fold in the stems of internodes 7 and 8 (Fig. 4) . In contrast to both SA and jasmonates, ethylene induced PPO F only in older leaves (2.6-fold in leaflets at node 7, Fig. 4) . Ethylene did not significantly induce PPO F from leaf nodes 1 to 5 or in the stems of internodes 7 and 8 (Fig. 4) .
Differential Expression Patterns of PPO F in Response to
Biotic and Abiotic Injuries and to Signaling Molecules
Because different signaling molecules resulted in differential developmental, stage-specific patterns of PPO F induction, we asked whether the cell-specific patterns of PPO Although A. solani was inoculated onto the entire plant, tomato leaves varied in susceptibility, depending on the age of the leaf. Older leaves from the base of the plant were highly susceptible, whereas younger leaves from the top of the plant were relatively resistant. Although A. solani made no visible lesions on node 2 leaflets, PPO F was induced in leaf tissues, compared with noninfected controls (Fig. 5A ), presumably as a systemic response to infection elsewhere.
Sectioning of this tissue reveals that induction occurs in epidermal, mesophyll, and vascular tissues (not shown).
Similarly, young, lateral shoots exhibit systemic induction in leaf tissues (Fig. 5B) . In young leaves at node 3 strong induction was observed near the leaf edge, where numerous conidia accumulated and appeared to penetrate leaf tissues (Fig. 5C) . No induction was observed at leaf node 5, although small lesions were visible (not shown). However, large lesions at leaf node 7 (exhibiting the characteristic concentric rings of A. solani infection) showed a patchy induction of GUS activity within the lesions (Fig. 5D) . PPO F induction also occurred in the epidermal and cortical cells within and underlying lesions on the stems of internodes 7 and 8 (Fig. 5, E and F) . GUS activity was not observed in lesions of nontranformants, indicating that this activity was not due to secondary infection by microorganisms possessing GUS activity (not shown). Control (noninfected, nonwounded, and nontreated) transformants did not show GUS staining in any tissues examined (Fig. 5, A and R). Similar to A. solani infection, PPO F was systemically induced in tissues of leaf node 2 by P. syringae infection (not shown). Where lesions were visible in young leaves and petioles at node 3, a distinct induction of GUS activity was observed in cells at the periphery of the developing lesions (Fig. 5G) . The discrete induction of PPO F in epidermal and cortical cells surrounding a lesion and a slight induction in the remaining tissues of a node 3 petiole are shown in Figure 5H . The induced GUS activity extended approximately 1 mm from the wounded site (Fig. 51) . In addition, GUS staining was occasionally observed in some type I, IV, and VI trichomes (trichome classification is after Thipyapong et al., 1997) of young leaves and petioles (Fig.  5H) . Mature leaf node 5 exhibits a very minimal induction around the lesions (not shown). No induction was observed around lesions in leaflets at node 7 or in the stems of internodes 7 and 8 (not shown). However, induction was observed in xylem parenchyma adjacent to lesions in some stems of internodes 7 and 8 (Fig. 5 , J and K).
Abiotic Injury: Mechanical Wounding
Mechanical wounding of leaflets at nodes 3 to 6 systemically induced PPO F at leaf node 2 in a pattern similar to pathogen infection (not shown). Strong GUS staining was observed in cells surrounding pin-pricked wounds of young leaflets at node 3 (Fig. 5L ). In addition, the PPO F promoter was activated in type I trichomes (especially in basal cells and adjacent epidermal cells), in type IV trichomes in proximity to the wounded site (Fig. 5L) , and occasionally in type VI trichomes (not shown) possibly due to trichome injury inflicted during the wounding process. To examine tissue and cell-type specificity of this wound induction, leaf fragments containing a wounded site were embedded and sectioned after the histochemical GUS reaction. Paraffin sections (10 pm) demonstrated induced GUS activity in epidermis, trichomes, and palisade and spongy mesophyll cells adjacent to the wounded sites (Fig.  5M) . Injured basal cells of type I trichomes and adjacent epidermal and mesophyll cells also exhibited strong GUS induction (Fig. 5N) . Minimal induction was observed in cells surrounding some wounded sites in mature leaf node 5 (not shown). Although node 7 leaves did not exhibit induction of PPO F at cells surrounding wounded sites, a distinct induction was observed in the veins adjacent to the crushed tissues (Fig. 50) . Similarly, distinct PPO F expression in veins was observed sporadically in senescent cotyledons of 3-week-old seedlings (Fig. 5P) . Stems, however, did not show any systemic PPO F induction (not shown). node 7 sections showed induced GUS activity in cells at the junction between the stem and petiole (not shown).
In young leaf nodes 2 and 3, SA induced PPO F in a pattern similar to jasmonates (not shown). However, at later developmental stages (nodes 5 and 7) SA induced PPO F predominantly in leaf veins (Fig. 5R) . In addition, faint GUS staining was observed in leaf epidermis, mesophyll, and type IV trichomes but is difficult to see in the figure shown. Stems, which exhibited the highest responsiveness to SA, showed PPO F induction in the vascular parenchyma, phloem, and cortical and pith cells (Fig. 5s) .
In contrast to MeJNJA and SA, ethylene did not induce PPO F in young leaves (nodes 2 and 3). Only older (node 7) leaves exhibited ethylene-induced PPO F expression, occurring predominantly in leaf veins (Fig. 5T) , and occasionally very faint GUS staining was observed in mesophyll (not shown). In addition, some stem sections of internodes 7 and 8 showed weak induction in epidermal and cortical cells (not shown).
D I SC U SSI ON
Direct evidence for the defensive role of PPO has recently been demonstrated by the hypersusceptibility of antisense PPO plants to P. syringae (M.D. Hunt, P. Thipyapong, and J.C. Steffens, unpublished data). In addition to higher bacterial growth and lesion number per leaf area, antisense PPO plants also exhibited larger lesion size compared with control plants. The hypersusceptibility of antisense plants may result from decreased (about 40-fold) constitutive PPO levels and/or inability of these plants to induce PPO upon infection. As a first step in understanding the importance of PPO inducibility to plant defense, we examined which PPO gene family member(s) is (are) wound inducible, the cell-specific patterns of induced PPO expression upon mechanical wounding and pathogen infections, and the responsiveness of PPO to various signaling molecules, including SA, jasmonates, and ethylene.
Tomato PPOs are systemically up-regulated in response to both abiotic and biotic injuries. Upon mechanical wounding and A. solani infection of mature (node 5 ) leaflets, PPO transcript levels were increased in young leaf nodes 1 to 3, which is the only leaf tissue expressing significant levels of steady-state PPO mRNA normally. We have previously shown similar systemic increases in potato PPO transcripts of young leaflets at nodes 1 to 4 (Thipyapong et al., 1995) , indicating that potato and tomato may share similar woundresponsive regulation. Here we show that the predominant induced PPO transcripts in young tomato leaves are PPO E/F transcripts. Comparison of wound inducibility of PPO E and F promoter constructs revealed that only PPO F is transcriptionally activated in response to abiotic (mechanical wounding) and biotic injuries (A. solani and P. syringae infection). Among PPO gene family members, PPO F expression is unique. Although PPO F is expressed in reproductive organs (flowers, fruits, and developing seeds), its expression in vegetative organs (leaves, stems, and roots) is negligible during normal growth and differentiation (S.M. Newman and J.C. Steffens, unpublished data). However, its expression in vegetative tissues is inducible under a variety of stress conditions.
The inducible expression patterns of PPO F suggest that its promoter, depending on developmental stage and cell type, may be differentially responsive to different signal transduction pathways. Effectors of systemic signaling include MeJA, SA, systemin, ethylene, ABA, and electrical signals, singly or in combination (Farmer and Ryan, 1990; Pearce et al., 1991; Raskin, 1992; Wildon et al., 1992; Peiía-Cortes et al., 1995; ODonnell et al., 1996) . Systemin, TA, MeJA, and ethylene are associated with pathogen-and pest-induced wounding, whereas SA is not inducible by wounds and is specifically associated with the HR, implying that plants possess at least two parallel transduction pathways activating SAR (Enyedi et al., 1992) . SA inhibits the octadecanoid pathway (Doares et al., 1995) . In contrast, both JA and ethylene inhibit SA accumulation (Silverman et al., 1993; Sano and Ohashi, 1995) , suggesting that the two pathways can engage in a cross-talk that prioritizes the defense response (Doares et al., 1995) . PPO appears to be similar to some proteins, including barley soluble leafthionin and Arabidopsis sulfotransferase, which are also inducible by signals of both the octadecanoid and SAmediated pathways (Kogel et al., 1995; Lacomme and Roby, 1996) . Constabel et al. (1995) implicated regulation of PPO by the octadecanoid pathway by the demonstration of induced PPO activity in response to MeJA and systemin, as well as by showing PPO overproduction in transgenic plants constitutively expressing prosystemin. In mature plants we find that PPO F is responsive to jasmonates only in young leaf tissues. This responsiveness declines in older leaves. A similar induction pattern exists in the systemic response to mechanical wounding and pathogen infection, suggesting that the octadecanoid pathway is primarily responsible for PPO induction. However, mechanical wounding and infection both induce PPO F in tissues that are not jasmonate responsive, implicating the involvement of other signaling mechanism(s) in PPO F regulation.
PPO F inducibility in older leaf and stem tissues may be mediated by ethylene alone or synergistically with other factors. Increases in ethylene synthesis occur during plant growth and development, including leaf and flower senescence (Rottmann et al., 1991) , and also in response to stresses such as mechanical wounding and pathogen infection (Yu and Yang, 1980; Yang and Hoffman, 1984) . The induced PPO F expression in veins adjacent to crushed tissues and in veins of senescent cotyledons is similar to ethylene-mediated expression in older leaves and is distinct from the pattern of jasmonate-mediated expression in young leaves. In addition, PPO F is induced in A. solaniinfected, but not P. syringae-infected, tissues of older leaves and stems. Alternaria blight is understood to be an ethylene-associated disease (Bashan, 1994) ; however, P. syringae pv tomato does not cause ethylene increases (BenDavid et al., 1986) . The prominent PPO F induction in senescent cotyledons and in older leaves (node 7) following mechanical wounding and A. solani infection, but not after P. syringae infection, suggests the possibility that ethylene may be a primary effector of these responses.
Severa1 physiological and biochemical effects of exogenously applied SA are known, including induction of SAR against a range of pathogens, which may be mediated through induction of defense-related proteins (Castresana et al., 1990; Enyedi et al., 1992; Lyon et al., 1995) . Our results suggest that, although PPO is SA-responsive, SA is not likely to be the signal mediating the induction observed in a compatible interaction with either A. solani or P. syringae. SA induces PPO F in cells at a11 developmental stages in leaves and in stems. However, PPO F is not induced in node 5 leaves in a compatible interaction with A. solani. In a compatible interaction with P. syringae, PPO F is induced only minimally in node 5 leaves and not at a11 in node 7 leaves, suggesting that SA may not be involved in these responses.
Whole-plant exposure of 2-month-old plants to MeJA vapor transcriptionally up-regulated PPO F about 2-fold in young leaves, which led to a similar magnitude of induced PPO activity (not shown). In contrast, MeJA treatment of 2-week-old seedlings leads to a larger induction of about 15-to 20-fold (Constabel et al., 1995 ; L. Li and J.C. Steffens, unpublished data). These results suggest that plant developmental stage is critica1 in perception and/ or competence to respond to MeJA. The developmental stage-dependent sensitivity of PPO to MeJA has also been observed in tomato fruits (Czapski and Saniewski, 1988) . Similarly, responsiveness of /3-1,3-glucanase B and osmotin promoters to ethylene and ABA, respectively, substantially decreases with plant age (Nelson et al., 1992; Vogeli-Lange et al., 1994) . In addition, the systemic induction of proteinase inhibitors occurs primarily in very young tomato seedlings but not in mature plants (Wolfson and Murdock, 1990; Jongsma et al., 1994) .
Approximately 6 kb of the PPO F 5' flanking region is sufficient to confer inducibility in response to various stresses and differential responsiveness to a number of signaling molecules. Whether these molecules mediate induction via a series of distinct cis-elements or via a single universal cis-element within the 5' flanking sequence remains to be determined. The proximal 1.2 kb of the PPO F promoter possesses strong sequence similarities with promoter sequences of severa1 wound-inducible genes, including 4-coumarate:CoA ligase, proteinase inhibitors, and cAMP-induciblr and cAMP-regulatory proteins (S.M. Newman and J.C. Steffens, unpublished data). cAMP may have a possible role in stress signaling in plants via the regulation of K + and Ca2+ channels that lead to extracellular alkalization, affecting the potentiation of the oxidative burst leading to defense gene activation (Bolwell, 1995) . 4-Coumarate:CoA ligase catalyzes the last step of general phenylpropanoid metabolism. Phenylpropanoid biosynthesis gives rise to caffeic acid (the predominant phenolic of tomato foliage and dominant PPO substrate), lignins, flavanoids, and SA. The coordinate regulation of PPO and phenylpropanoid biosynthesis underscores the importance of PPO in wound responses. Wound induction of the phenylpropanoid pathway leads to intracellular accumulation of phytoalexins and the extracellular polymerization of phenolics, e.g. lignification, providing barriers to pathogen ingress (Dixon and Paiva, 1995) . Once pathogens overcome these barriers and disrupt plant cells, PPO activity diverts phenolics to quinone production, aiding cell death and providing additionaI polymerized phenolic barriers to secondary infection.
Induced PPO activity consists of both systemic and localized components. Systemic induction of PPO F in young leaves in response to a11 types of injuries may represent a broad, defensive role for PPO in protection of juvenile tissues from subsequent attack by a broad spectrum of pathogens and pests. In contrast, the localized induction of PPO F in cells surrounding severely injured tissues (e.g. around P. syringae lesions and A. solani penetration sites) could represent an attempt to control the size of the lesion and pathogen spread, presumably by accelerating cell death rates and by generating a toxic environment of quinones. The localized induction patterns of PPO F suggest that the signal(s) mediating promoter activation are concentrated at the site of wounding or infection, and the signal may be transmitted by local seria1 (cell-to-cell) progression. Similarly, Bashan et al. (1987) have shown that PPO activity and phenolic content of inoculated, susceptible tomato seedlings were relatively high only very close to the necrotic lesion and decreased in areas dista1 to necrotic areas.
PPO F is differentially induced by fungal and bacterial pathogens. In older leaf and stem tissues in which extensive A. solani growth has occurred, PPO F is induced in tissues within lesions but not around the lesions. This suggests that induction of PPO F by A. solani may occur during early processes of penetration or necrotic lesion development. At later lesion development, toxin (e.g. alternaric acid [Langsdorf et al., 1991; Maiero et al., 19911) may be produced, resulting in necrosis and chlorosis of tissue beyond the site of fungal invasion, and the lesion may expand at a higher rate than PPO can be induced at the periphery of necrotic tissues. Following P. syringae infection, PPO F was not induced within or around lesions in older tissues. Nevertheless, PPO F was induced in vascular tissues of mature stems, where bacterial pathogens might be translocated. Differential induced expression of PPO F in response to fungal and bacterial pathogens may reflect different utilization of signal transduction pathways for defense against pathogens possessing distinct infection strategies. The wide responsiveness, albeit in different cell types, of PPO F to multiple signal transduction pathways implicates the importance of PPO to general resistance.
